The dynamical mean-field theory is employed to study the orbital-selective Mott transition (OSMT) of the two-orbital Hubbard model with nearest neighbor hopping and next-nearest neighbor (NNN) hopping. The NNN hopping breaks the particle-hole symmetry at half filling and gives rise to an asymmetric density of states (DOS). Our calculations show that the broken symmetry of DOS benefits the OSMT, where the region of the orbitalselective Mott phase significantly extends with the increasing NNN hopping integral. We also find that Hund's rule coupling promotes OSMT by blocking the orbital fluctuations, but the influence of NNN hopping is more remarkable.
Introduction
Mott metal-insulator transitions (MIT) in strongly correlated electron systems with orbital degrees of freedom has received much attention over the past decades [1, 2] . The orbital fluctuations tuned by the interactions may force the Mott MIT to happen successively in different orbitals, leading to the so-called orbital-selective Mott transition (OSMT) in the non-degenerated multiorbital systems [2, 3] . In an orbital-selective Mott phase (OSMP), the carriers on a subset of orbitals get localized but others remain itinerant. This phenomenon has been observed experimentally in some transition-mental compounds, including the iron-based superconductors [4, 5] .
Many theoretical methods have been employed to study the OSMT in multiorbital systems, including the quantum Monte Carlo technique [6] , dynamical cluster approximation [7] , slave-boson method [8] , and dynamical mean-field theory (DMFT) [1, 9] . It is well known that the DMFT approach, which handles band-like and atomic-like aspects on equal footing, is an appropriate theoretical framework for the study of Mott MIT [10] . Combined with various impurity solvers, the DMFT approach has been used to study the OSMT in multiorbital systems with different energy scales. So far, three kinds of factors have been confirmed for the appearance of OSMT, including the Hund's rule coupling, crystal field splitting, and bandwidth differences among orbitals.
It has been proposed that Hund's rule coupling (J) is indeed responsible for the correlation effects by strongly suppressing the coherence scale for the formation of a Fermi liquid [2] . The Hund's coupling promotes the OSMT at half filling [11, 12, 13] , which can be understood by recognizing that J blocks orbital fluctuations [2] . Besides, the other two factors influence the OSMT by introducing the nondegeneration among the orbitals of multiorbitals system. The important role of the bandwidth difference in finding OSMT has been verified by the earlier DMFT investigations of the two-orbital Hubbard model with unequal bandwidths [14, 15, 16] . On the other hand, the orbital degeneracy can also be broken by the crystal field splitting, leading to OSMT in multiorbital systems [17, 18, 19, 20] .
Apart from the three factors mentioned above, is there any other model parameter which also plays an essential role in the OSMT? In this study we concentrate on the influence of the next-nearest neighbor (NNN) hopping integrals. In some previous DMFT calculations [10] , the randomness of the NNN hopping has been introduced to suppress antiferromagnetism in the half-filled Hubbard model at weak coupling. Under this condition, the density of states (DOS) remains semielliptic, and the Bethe lattice holds the particlehole symmetry [21, 22] . However, it has been found that the DOS is no longer semielliptic in the tight-binding model with standard NNN hopping [23, 24] . Therefore, it is important to make it clear how the OSMT is influenced by the broken symmetry of DOS for multiorbital systems at half-filling.
In this paper we study the effect of NNN hopping on the OSMT in two-orbital Hubbard model by using the DMFT approach with the Lanczos diagonalization method [25] as its impurity solver. The Lanczos solver is very powerful in finding the critical point of the Mott MIT, which has been proved to be far superior than some other impurity solvers [26, 27] . Because of the asymmetric DOS introduced by the NNN hopping, the calculations become more complicated. We have to adjust the value of chemical potential to construct the whole phase diagram of the two-orbital Hubbard model at half filling. By performing a large amount of numerical calculations, we investigate the evolution of phase diagram with the increasing of the NNN hopping integrals in the conditions with different Hund's rule coupling and also different nearest neighbor hopping ratio. We find that the region of OSMP significantly increases with the increasing NNN hopping amplitudes, indicating that the asymmetric DOS introduced by the NNN hopping plays a key role in the promotion of OSMT, in spite of the change of the bandwidth ratio. On the other hand, we also find that the orbital fluctuations are blocked with the increasing of Hund's rule coupling, leading the critical values of both narrow and wide band decrease manifestly. However, the enhancement of Hund's coupling on the OSMT is weaker than the effect of the NNN hopping.
Model and methodology
We study the extended two-orbital Hubbard model, where the hopping has both NN and NNN contributions. The Hamiltonian is expressed as
where operator d † ilσ creates an electron with spin σ in orbital l of site i. < ij > and ≪ ii ′ ≫ represent the summations over NN and NNN sites, and t l and t ′ l denote the NN and NNN hopping amplitudes for orbital l. U and U ′ are the intra-orbital and interorbital Coulomb interactions, and J is the Hund's rule coupling. The onsite component of Green's function for different orbital l can be obtained by [10] ,
In the infinite limit Z → ∞, the DOS of the Bethe lattice with both NN and NNN hopping can be expressed as [23] 
with
where K l = t ′ l /t l represents the ratio between NNN hopping t ′ l and NN hoping t l of orbital l. As the NNN hopping integrals increase, D t,t ′ l (ǫ) becomes asymmetric and develops a square-root singularity at a band edge [23] .
In the framework of DMFT, the Hubbard model is mapped into an Anderson impurity model (AIM),
where the parameter ǫ ml represents the energy of the mth environmental bath for the orbital l, and V ml describes the couplings between the bathes and the impurity site. We employ Lanczos exact diagonalization approach [25] as an impurity solver to calculate the Green's function (G AIM ) of AIM. The parameters ǫ ml and V ml in AIM can be obtained self-consistently
AIM (ω) [10] . In our DMFT calculations, the bath size is chosen as n b = 3. In Table 1 , we show the selfconsistent values of the parameters of AIM for the metallic phase, OSMP and insulating phase, respectively. Energies are in unit t 1 , and the energy broadening factor is ǫ=0.01.
Results
The DOS of standard Hubbard model is particle-hole symmetric at half filling. Nevertheless, in future consideration of the NNN hopping integrals, the DOS becomes asymmetric at half filling. Fig. 1 shows the DOS of the twoorbital Hubbard model with K = t ′ 1 /t 1 = t ′ 2 /t 2 = 0.1 for different interactions U, where t 1 and t 2 are the NN hopping for the wide and narrow bands, and t ′ 1 and t ′ 2 represent the NNN hopping accordingly. The particle-hole symmetry of the DOS is broken by the NNN hopping for both the wide and narrow bands, and the asymmetry becomes more distinct in the conditions with weak interactions.
Most of the theoretical studies have paid attention to the OSMT in the systems with particle-hole symmetry at half filling [14, 15, 16, 28] . By introducing the NNN hopping, we could find out whether the OSMT exists when the particle-hole symmetry is broken at half filling. As shown in Fig. 1(a) and (d), resonance peaks appear at Fermi level of DOS of both the wide and narrow bands for weak interactions U = 2.0, suggesting that the two orbitals are all metallic. OSMP appears when the onsite interaction increases to U = 3.0, as shown in Fig. 1(b) and 1(e) . In Fig. 1(b) the wide band is still metallic with resonance peaks at Fermi level, but a Mott gap opens around the Fermi level of the narrow band ( Fig. 1(e) ). Further increasing interactions to U = 4.5, both the wide and narrow bands transit to Mott insulating phase. Therefore, OSMT is still found in two-orbital Hubbard model with both NN and NNN hopping, where the DOS is asymmetric at half filling.
The critical points of OSMT could be determined precisely by studying the interaction dependence of the quasiparticle weight of each orbital (Z l ), which is defined by
where Σ l (ω) represents the self-energy of orbital l. Decreasing with the increasing interactions U as shown in Fig. 2 , the quasiparticle weights of different orbital drops to zero successively, indicating the appearance of OSMT. When the parameters of the two-orbital Hubbard model are t 2 /t 1 = 0.4, K = 0.7 and J = U/4, the Mott transition happens first in the narrow band at U c2 = 2.75, which is much smaller than the critical value of the wide band U c1 = 4.0. To show the influence of the bath size on the critical points, we plot in Fig. 2 the results for different bath numbers n b =2, 3 and 4. We find that, in the two-orbital Hubbard model, the critical values of the Mott transition obtained by the cases with different bath size are very close to each other for both the narrow and wide orbitals. It is worth noting that, as Z l drops continuously to zero, the Mott transitions are of second order for both orbitals.
In order to fully understand the effect of NNN hopping on OSMT, we have performed a great amount calculations to obtain the phase diagrams of the two-orbital Hubbard model with different K. As mentioned above, the NNN hopping will introduce a particle-hole asymmetric DOS. We have to adjust the chemical potential to make the two orbitals are all half filled. As shown in Fig. 3 , the NN hopping plays an essential rule for the appearance of OSMP, where the relationship t 1 = t 2 should be satisfied. Because the value of the NN hopping of wide band is kept as t 1 =1, the critical value U c1 for wide band remains unchanged in all four phase diagrams. Whereas U c2 for the narrow band increases continuously with the increasing t 2 /t 1 . Apart from the nondegeneration of the two orbitals resulted from the unequal of the NN hopping t 1 and t 2 , significant influence of NNN hopping on the OSMP has also been observed in Fig. 3 .
On the other hand, the area of OSMP expended with the increase of K, suggesting that the NNN hopping is in favor of the OSMT. Obviously, the contribution for the extension is mainly from the elevation of the Mott transition point of the wide band U c1 . For example, when t 2 /t 1 = 0.1, U c1 increase about 45% as K increases from 0.3 to 0.9. While, the corresponding change for U c2 is only 12.5%. Our finding indicates that the influence of the assymmetric DOS on the OSMT is stronger in the wide band than in the narrow band. To understand this phenomena, we should consider the interplay between the multiorbital correlations and the NNN hopping rather than the effect of bandwidth ratio.
In Fig. 4 , we compare the phase diagrams relied on the NNN hopping amplitude for the cases with different Hund's rule coupling (J): J = U/8, J = U/4, and J = U/2. As we know, Hund's coupling is responsible for strong correlations in multiorbital systems. The importance of J in promoting orbital-selective physics can be understood by recognizing that J blocks orbital fluctuations [2] . Just as expected, both U c1 and U c2 drop significantly when J increases from U/8 (Fig. 4(a) ) to J = U/2 (Fig. 4(c) ), suggesting the enhancement of the effective correlations. In order to make the computed results more clear, in Fig. 4(d) we plot the J/U dependence of ∆, which is the difference of the critical values of the wide and narrow bands (∆ = U c1 −U c2 ). The almost horizontal lines of ∆ indicate that the region of the OSMP is almost unchange with the increasing J in spite of the decreasing for the critical interactions for both wide and narrow band. On the other hand, ∆ for the system with NNN hopping (K = 1.0) is near twice as large as that of the standard model with only NN hopping, suggesting that the NNN hopping has an even more obvious effect on the OSMT than the Hund's rule coupling. 
Conclusions
We emphatically study the asymmetric effect introduced by the nextnearest neighbor hopping on orbital-selective Mott transition in the twoorbital Hubbard model. We find that the asymmetric DOS introduced by the next-nearest neighbor hopping strongly influences the energetics of the Mott gap. As a result, the region of orbital-selective Mott phase increases significantly with the increasing next-nearest neighbor hopping amplitude. We also find that the orbital fluctuations are blocked with the increasing of Hund's rule coupling, leading the critical values of both narrow and wide band decrease manifestly. However, the effect of the NNN hopping on OSMT is found to be more significant than that of the Hund's coupling.
